Materials and Methods

Gene annotation, cloning, protein expression and purification. Comparative sequence analysis of
Csy4 genes across species identified a conserved region 20 codons upstream of the annotated start codon in the Pa14Csy4 gene (1). The conserved full-length Csy4 (PA14_33300) sequence (residues 1-187) was PCR amplified from Pseudomonas aeruginosa UCBPP-PA14 genomic DNA using oligonucleotide primers 5'-CACCATGGACCACTACCTCGACATTCG-3' (forward) and 5'-GAACCAGGGAACGAAACCTCC-3' (reverse). The PCR product was subcloned using the Gateway system into the pENTR/TEV/D-TOPO entry vector (Invitrogen), followed by site-specific recombination into expression vector pHGWA or pHMGWA (2) . Point mutations were introduced into Csy4 using the QuikChange Site-Directed Mutagenesis Kit (Stratagene) and verified by DNA sequencing. The Pa14Csy4 expression plasmid was transformed into E. coli Rosetta 2 (DE3) cells (Novagen) or co-transformed with a pMK vector expressing a synthetic Pa14 CRISPR RNA consisting of eight repeats (from the CRISPR locus adjacent to Cas1) and seven spacers, all of which are the same sequence, synthesized by Geneart (Regensburg, Germany). Protein expression was induced with 0.5 mM isopropyl β-D-1-thiogalactopyranoside (IPTG) at an optical cell density (OD 600 ) of ~0.5, followed by shaking at 18 ⁰C for 16 hours. Cells were lysed by sonication in 15.5 mM disodium hydrogen phosphate, 4.5 mM sodium dihydrogen phosphate, 500 mM sodium chloride, 10 mM imidazole, 5% glycerol, 0.01% Triton X-100, 100 U.ml -1
DNase I, 1 mM Tris [2-carboxyethyl] phosphine hydrochloride (TCEP), 0.5 mM phenylmethylsulfonyl fluoride, pH 7.4, supplemented with protease inhibitors (Roche). The clarified lysate was incubated with Ni-NTA affinity resin in batch (Qiagen) and the bound protein was eluted with a high imidazole buffer (15.5 mM disodium hydrogen phosphate, 4.5 mM sodium dihydrogen phosphate, 500 mM sodium chloride, 300 mM imidazole, 1 mM TCEP, 5% glycerol, pH 7.4) and dialyzed overnight in a dialysis buffer (elution buffer containing 20 mM imidazole) in the presence of tobacco etch virus (TEV)
protease. The released His 6 or His 6 -MBP tag was removed by a second nickel-affinity step. The protein was further purified by size exclusion chromatography using tandem Superdex 75 (16/60) columns (GE Life Sciences) in 100 mM HEPES pH 7.5, 500 mM KCl, 5% glycerol, 1 mM TCEP. The protein was then dialyzed against 100 mM HEPES pH 7.5, 150 mM KCl, 5% glycerol, 1 mM TCEP and concentrated to 10 mg.ml -1 . Selenomethionine (SeMet)-substituted protein was expressed in BL21(DE3) cells as previously described (3) .
Northern blotting analysis. Csy4 was heterologously expressed in E. coli in the presence or absence of a plasmid expressing a Pa14 CRISPR transcript. Nucleic acids co-purifying with Csy4 were isolated by phenol-chloroform extraction and separated on a 16% denaturing polyacrylamide gel. Nucleic acids were transferred to a nylon membrane (Hybond-N, GE Life Sciences) using a semi-dry transfer cell (BioRad) and probed with a [5'-32 P]-labeled DNA oligonucleotide complementary to the Pa14 CRISPR repeat sequence (probe sequence 5'-GCTGCCTATACGGCAG-3'). Synthetic RNA oligonucleotides corresponding to the Pa14 (5'-GUUCACUGCCGUAUAGGCAG-3') and E. coli K12 (5'-UCCCCGCGCCAGCGGGGAU-3') crRNA repeats served as positive and negative controls, respectively.
Nuclease activity assays. Pa14 pre-crRNA was in vitro transcribed as described (3 mM magnesium chloride, 20% (w/v) PEG 4000. These crystals belonged to the space group C2, contained one copy of the complex in the asymmetric unit and diffracted to 2.3 Å resolution at synchrotron X-ray sources. To facilitate phasing using heavy atom soaks, we also reconstituted the Csy4-RNA complex using the Csy4(S22C) mutant protein. Although this complex did not ultimately yield any useful heavy atom derivatives, two additional crystal forms were fortuitously obtained in 150-160 mM sodium acetate pH 4.6, 17-18% (w/v) PEG 4000. Initially, hexagonal crystals appeared within 24 hours. These crystals diffracted to 2.6 Å resolution, belonged to space group P6 1 and contained one copy of the complex in the asymmetric unit. Three weeks later, the same crystallization condition yielded needleshaped crystals that belonged to space group P2 1 2 1 2 1 , contained two copies of the complex and diffracted up to 1.8 Å resolution. For data collection, all crystal forms were cryoprotected by soaking in their respective mother liquors supplemented with 30% glycerol prior to flash cooling in liquid nitrogen.
Structure determination. All diffraction data were collected at 100 K on beamlines 8.2.2 and 8.3.1 of the Advanced Light Source (Lawrence Berkeley National Laboratory). Data were processed using XDS (4).
Experimental phases were determined from a three-wavelength multiwavelength anomalous dispersion (MAD) experiment (peak, inflection and remote data sets) using the monoclinic Csy4-RNA crystals containing selenomethionine-substituted wild-type Csy4. Two selenium sites were located using the Hybrid Substructure Search (HySS) module of the Phenix package (5). Substructure refinement, phasing and density modification were performed using AutoSHARP (6) . The resulting electron density map exhibited clear layers of density attributable to protein and RNA alternating along the c-axis, with the RNA layer made up of two coaxially-stacked RNA helices engaged in a "kissing loop" interaction. An initial atomic model for the Csy4 protein was obtained by automatic building using the Phenix AutoBuild module (7). The complex model was completed by iterative cycles of manual building in COOT (8) and refinement using Phenix.refine (9) against a native 2.33 Å resolution dataset, yielding a final model with a crystallographic R work factor of 21.8% and an R free factor of 24.7% (Supplementary Table 1 ). The model includes RNA nucleotides C6-G20, the phosphate group of nucleotide C21 and protein residues 1-104, 109-120 and 139-187. Owing to the layered arrangement of protein and RNA in the crystal lattice and the lack of lateral crystal contacts within the RNA layer, the RNA exhibits significant disorder, as evidenced by markedly elevated temperature factors (>100 Å 2 ) and the absence of interpretable density for the nucleotide base of U14. The disorder is also evident in protein residues 109-120, corresponding to the arginine-rich helix inserted in the major groove of the RNA, for which only the polypeptide backbone could be built (except for residues Arg115 and Arg118).
The structures of the Csy4(S22C)-RNA complex in the hexagonal and orthorhombic crystal forms were determined by molecular replacement in Phaser (10) using the Csy4 protein (lacking the arginine-rich helix) and RNA models from the monoclinic crystal form as separate search ensembles. In both crystal forms, electron density for the arginine-rich helix and the linker region comprising Csy4 residues 105-108 was immediately noticeable in 2F o -F c maps obtained from the molecular replacement solutions. The structure of the Csy4(S22C)-RNA complex in the hexagonal form was refined to an R work factor of 24.9%
and R free of 27.4% at 2.6 Å resolution (table S1) superpose with an rmsd of 1.49 Å, the largest deviation being due to the extruded nucleotide U14, which assumes different conformations in the two RNAs. Our discussion and illustrations throughout the manuscript are based on complex 1 in the orthorhombic crystal form. All structural illustrations were generated using Pymol (11). (Fig. S2A, right) were mixed together in a 1:2 molar ratio and incubated at 30 o C for 30 min.The complex was separated from free RNA by size exclusion chromatography on a Superdex 75 10/300 column. Absorbance traces at 280 nm and 260 nm are denoted in blue and red, respectively. (B) Protein content of the two peaks was analyzed by SDS-PAGE and visualized with Coomassie blue staining. (C) Samples from both peaks were extracted with acid phenol-chloroform, separated using urea denaturing PAGE and visualized by staining with SYBR Gold. The Csy4 candidates were identified using PSI-BLAST (13) and aligned with CLUSTALW (14) . The presence of a nearby CRISPR locus in the genome was verified by manual inspection of the CRISPRdb database (15) . Invariant and significantly conserved amino acids are highlighted in dark green and light green, respectively. Asterisks indicate active site residues; inverted triangles indicate residues that contact the bases of the RNA; circles indicate residues contacting the phosphate backbone. The secondary structure of Csy4 is shown above the sequence. 
